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Introduction

Abstract — Two lignocellulosic agricultural residues, sunflower stalks and rape straw, were investigated as poten-
tial low-cost, non-food substrates for the production of triacylglycerols by the oleaginous, lignocellulolytic bacteria
Streptomyces lividans. Chemical analysis of each type of residue revealed similar cell wall compositions in the polysac-
charides and lignins of the two feedstocks, with high lignin $-O-4 bond content compared to other angiosperms’ lignin.
Growing tests of Streptomyces lividans TK 24 were performed before and after sequential water and ethanol extraction
by assessing bacterial fatty acid accumulation. All extracted and non-extracted samples were found to be substrates of
the bacteria with fatty acid production ranging between 19% and 44% of the production obtained with arabinose as
a reference substrate. The maximum conversion rate was obtained with the less lignified, non-extracted sample. This
study suggests that lignocellulosic residues from oleaginous crops could be advantageously valorized by microbial
bioconversion processes for the production of lipids of interest.

Keywords: Streptomyces [ rapeseed / sunflower / fatty acids / lignocellulose

Résumé — Deux types de résidus issus de 1’agriculture, des tiges de tournesol et des pailles de colza, ont été étudiés
afin d’évaluer leur potentiel comme substrat non alimentaire et a faible cofit pour la production de triacylglycérol par
Streptomyces lividans, une bactérie oléagineuse et lignocellulolytique. Une analyse chimique de chaque résidu a montré
une composition des parois en polysaccharides et lignines identique avec un fort taux de liaison 8-O-4, contrairement
aux lignines des autres angiospermes. Des tests de croissance de la souche TK24 de Streptomyces lividans ont été effec-
tués sur les résidus avant et apres extraction séquentielle a ’eau et a 1’éthanol. La croissance a été évaluée en mesurant
I’accumulation des acides gras bactériens. Tous les résidus se sont révélés étre des substrats pour la bactérie, avec une
production allant de 19% a 44% de la production de référence obtenue sur arabinose. Le maximum de conversion a été
obtenu sur le résidu le moins lignifié et non extrait. Cette étude suggere que les résidus lignocellulosiques des plantes
oléagineuses de grande culture peuvent étre valorisés de maniere avantageuse en lipides d’intérét par des procédés de
bioconversion microbiologique.

Mots clés : Streptomyces / colza / tournesol / acides gras / lignocellulose

tionable. Scientists and industries are working collaboratively

Lipid-based chemicals and biofuels are of great interest
in the current context of petroleum resource rarefaction. At
present, the lipids used for green chemistry and energy are
mostly triacylglycerols (TAG) extracted from crop seeds or an-
imal fats (Octave and Thomas, 2009). Because of the compe-
tition with food usage, the use of these lipid sources is ques-

* Correspondence: marine. froissard@versailles.inra. fr

to identify and develop alternative renewable sources of lipids
for non-food use. In the past decade, oleaginous single-cell
microorganisms have reached the forefront of this research
because of their high efficiency for TAG production or stor-
age (Garay et al., 2014; Liu et al. 2013). For most, their
lipid metabolic and biochemical pathways have been iden-
tified and their growth on refined simple carbon sources is
well-described (Blazeck et al., 2014; Comba et al., 2013).
However, their optimal valorization in cost-effective processes
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necessitates the optimization of their growth on less expensive
substrates, such as wastes or lignocellulosic residues.

Lignocellulose constitutes the main part of plant biomass
and is available either as a byproduct of the agriculture and
food industries (brans and stems) or as dedicated biomass feed-
stocks (wood and fiber crops). Thus, it represents an impor-
tant, renewable carbon pool for the production of bioenergy
(Somerville et al., 2010) and biomolecules of interest, in par-
ticular by bacterial bioconversion (Mathews et al., 2015). Effi-
cient exploitation remains challenging because this biomass is
complex (Menon and Rao, 2012). Indeed, the lignocellulose of
the secondary, lignified plant cell wall is composed of an inter-
penetrated assembly of three polymers: cellulose, hemicellu-
loses, and lignin. While cellulose and hemicelluloses are eas-
ily converted into sugars by enzymes, the presence of lignin,
a hydrophobic phenolic polymer, is responsible for lignocel-
lulose’s overall recalcitrance to the enzymatic deconstruction
processes (Zhao et al., 2012).

The objective of this study was to assess the possibility of
converting lignocellulose into lipids of interest for industrial
use with microorganisms known for their wood-degrading ac-
tivity and constituent lignin-degrading enzymes. For this study,
oilseed crop lignocellulosic residues, i.e., sunflower stalks and
rapeseed straw, were chosen, as they are abundant, oleaginous
coproducts in Europe and seem to be promising sources of
biomass for biofuel and paper production (Mazhari Mousavi
et al., 2013; Ziebell et al., 2013). Because data regarding their
chemical compositions are rare, structural analyses useful for
their optimal valorization in biorefinery processes were carried
out. To assess the potential of these materials to be used as
substrates for lipid production, Streptomyces, a Gram-positive
filamentous soil bacteria, was used for growth and bioconver-
sion tests. Bacteria of this genus are well-known for their nat-
ural ability to degrade lignocellulose because their genomes
possess enzymatic pathways involved in the degradation and
catabolism of lignin residues (Davis and Sello 2010; Davis
et al., 2012). Indeed, bacteria belonging to the actinomycetes
group are of great interest in the context of bioconversion of
lignocellulose into high-value bioproducts. Some species, such
as Rhodococcus and Streptomyces, are described as oleaginous
and can accumulate more than 20% of their dry weight as TAG
(Alvarez and Steinbuchel 2002; Deniset-Besseau er al., 2014,
Olukoshi and Packter 1994). Rhodococcus was shown to be
able to accumulate up to 87% of its dry weight as TAG when
grown using olive oil as the substrate (Alvarez et al., 1996).
Recently, Rhodococcus was engineered to produce TAG us-
ing lignocellulosic residues as substrates. R. opacus DSM
1069 and PD630 are able to convert lignin into TAG (Kosa
and Ragauskas, 2012). Efforts have also been devoted to con-
structing strains capable of utilizing xylose, an abundant sugar
in lignocellulosic residues. A xylose-fermenting Rhodococ-
cus strain was constructed using heterologous expression of
the Streptomyces enzymes involved in the xylose metabolism
pathway (Kurosawa et al., 2013; Xiong et al., 2012). Inter-
estingly, the Streptomyces species has the natural capacity to
grow on and catabolize the phenolic compounds and polysac-
charides present in lignocellulose (Antai and Crawford 1981;
Crawford 1978; Davis and Sello 2010; Vetrovsky et al., 2014).
In addition, Streptomyces species, historically studied and ex-

ploited for antibiotic production, can also accumulate TAG un-
der specific nutritional conditions (high C/N ratios) (Arabolaza
et al., 2008; Comba et al., 2013; Le Marechal et al., 2013).

In this study, the capacity of Streptomyces lividans TK 24
to grow on agricultural lignocellulosic residues from Brassica
napus and Helianthus annuus, some of the main oleaginous
crops in Europe, was investigated. The polysaccharide, lignin,
and fatty acid contents of these unconventional fermenta-
tion substrates were first assessed. Then, bacterial cultures
in the presence of these substrates were performed and their
growth was determined using bacterial fatty acid content as a
biomarker. The production of bacterial fatty acids using these
substrates was demonstrated, revealing that these lignocellu-
losic residues could be valorized in bioconversion processes
with these microorganisms.

2 Material and methods
2.1 Lignocellulosic feedstocks

Brassica napus (Rapeseed, Rapl and Rap2 samples) and
Helianthus annuus (Sunflower, Sunl and Sun2 samples) agri-
cultural samples (straws or stalks) were provided by the
Organisation Nationale Interprofessionnelle des Graines et
Fruits Oléagineux (Onidol, France). They were ground with
a hammer mill to pass through a 1-mm screen. Pictures of
the lignocellulosic samples were obtained using an illuminated
binocular magnifier (Nikon SMZ800) and a Nikon Coolpix
4500 digital camera.

2.2 Strains, media, and culture conditions

The strain used throughout this study was Streptomyces
lividans TK24. Lignocellulosic substrates (1.2 g) were ster-
ilized with 19 ml of water in 150-ml growth flasks, and 1 ml
of minimal medium without glucose. (Coze et al., 2013) was
added to obtain a final volume of 20 ml. Inoculations were
done with 3 x 10% spores per flask. Positive growth controls
(without lignocellulosic substrates) were made using 2% (v/v)
glucose, arabinose, or xylose as the carbon sources. Cultures
were performed for 6 days at 30 °C while shaking at 200 rpm.

2.3 Lignocellulose fractionation

Lignocellulosic feedstocks (5 g) were sequentially ex-
tracted using an accelerated solvent extraction device (ASE
350, Dionex, USA). Extraction was performed following a
two-step procedure (Fig. 1); the first step was with water (total
volume, 200 ml), and the second step was with ethanol (total
volume, 110 ml). Each step was performed using three 7-min
extraction cycles at 100 °C and 110 bar under a nitrogen atmo-
sphere. In parallel, the feedstocks were submitted to a single-
step water extraction. The remaining residues were dried in an
oven at 50 °C for 48 h (until constant mass was achieved), and
the water and ethanol supernatants were stored at —20 °C.

Extractions were performed in duplicate for each initial
sample. The water extractives and total extractives contents
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Ground lignocellulosic feedstock
Brassica napus or Helianthus annuus

|
ASE extraction with water
(3 cycles of 7 min, 100 °C, 110 bars, N,)

—

ASE extraction with ethanol
(7 min, 100 °C, 110 bars, under N,)

—

| Water extract | | R1 }— Drying (50 °C, 48 h) —)| Water extraction residue

| Ethanol extract | | R2 If Drying (50 °C, 48 h) %| Two-step extraction residue

Fig. 1. Scheme of two-step accelerated solvent extraction (ASE) procedure for the recovery of water and water-ethanol total extractives.

were calculated from the weight mass loss and expressed
with respect to the total initial dry weight using the following
equations:

% water extractives

_ initial mass — mass o f water extraction residue % 100
B initial mass
(1)

% total extractives

_ initial mass — mass of two step extraction residue % 100
B initial mass
(2)

For each sample, the results were calculated as the mean val-
ues and standard deviation of the averages obtained for both
duplicates.

2.4 Lignocellulose characterization

All of the following analyses were performed in duplicate
on the residues of two distinct extractions from each initial
sample. For each sample, the results were calculated as the
mean values and standard deviation of the averages obtained
for both duplicates.

2.4.1 Lignin quantification

The lignin content of the two-step extraction residues was
determined using the standard Klason method (Dence and Lin,
1992). The samples (300 mg) were suspended in 3 ml of sul-
furic acid solution (72% p/v) for 2 h at 20 °C before being
diluted to a 5% p/v final sulfuric acid concentration and heated
under reflux for 4 h. The reaction mixture was filtered on a
glass microfiber filter, and the remaining material was dried in
an oven at 100 °C for 12 h. The lignin content was calculated
from the mass of the final solid material after correction for its
ash content.

2.4.2 Lignin structural analysis

Lignin structure evaluation was performed on the two-step
extraction residues (5 to 10 mg) using the thioacidolysis pro-
cedure (Lapierre et al., 1995). The determination of the main
p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) lignin-
derived monomers involved in 5-O-4 bonds, analyzed as their
trimethylsilylated (TMS) derivatives, was carried out using
specific ion chromatograms reconstructed at m/z 239 for H
monomers, 269 for G monomers, and 299 for S monomers.

2.4.3 Sugar quantification

The neutral sugar contents were determined by high-
performance ion exchange chromatography (column: 4 X
250 mm, Carbopac PA1, Dionex, USA; eluent: 4 mM sodium
hydroxide, 1 ml/min) using a pulsed amperometric detector.
The initial feedstock, water extraction residues, and two-step
extraction residues were submitted to acidic hydrolysis prior to
sugar analysis. The samples (10 mg) were suspended in 125 pl
of a 72% (p/v) sulfuric acid solution for 1 h at ambient temper-
ature and then 100 °C for 2 h before filtration of the reaction
mixture as described above. The sugar content was calculated
using fucose as an internal standard.

2.5 Determination of fatty acid content in feedstocks
before and after Streptomyces growth

Samples were freeze-dried for 72 h and then heated for
90 min at 80 °C in the presence of 16 ml of 2.5% (v/v) sulfuric
acid in methanol. Dodecanoic acid (Sigma-Aldrich) was added
(400 pg for each sample) as the internal standard for quantifi-
cation. Fatty acid methyl esters (FAME) were extracted via the
addition of 24 ml of 150 mM NaCl, 2.5 ml of hexane, vigorous
shaking, and centrifugation at 1000 g for 15 min. The organic
upper phase of the samples was separated by gas chromatog-
raphy using a 7890A chromatograph (Agilent, USA) with a
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Fig. 2. Macroscopic observation of oleaginous lignocellulosic
residues. Rapeseed straw (A, B) and sunflower stalk (C, D) agricul-
tural residues were observed before (A, C) and after (B, D) grinding
with a hammer mill to obtain residues with sizes compatible with bio-
chemical analysis and Streptomyces growth tests.

Factor Four VF-23 ms 30-m X 0.25-mm capillary column (Ag-
ilent, USA). The carrier gas was helium at an inlet flow rate of
1 ml/min. The column temperature began at 40 °C for 1 min,
ramped to 130 °C at 40 °C/min, remained at 130 °C for 1 min,
ramped to 160 °C at 1 °C/min, remained at 160 °C for 1 min,
ramped to 210 °C at 40 °C/min, and finally remained at 210 °C
for 4 min. Identification of FAME peaks was based on reten-
tion times obtained for standards (FAME mix from Sigma-
Aldrich and GLC-110 mix from Biovalley). The quantification
was made via flame ionization detection at 270 °C. The total
amount of fatty acids was calculated from the ratio between the
sum of the FAME peak areas and the dodecanoic acid methyl
ester peak area.

2.6 Microscopy observations

Streptomyces cultures on lignocellulosic residues were
monitored using a Zeiss Axio Imager microscope (Germany)
with Nomarski optics and a Roper CoolSnap HQ2 camera
(USA) coupled to a Zeiss AxioVision driver.

3 Results and discussion
3.1 Biomass pretreatments

Rapeseed straw and sunflower stalks (two batches for each
species) were obtained from the agricultural stocks. The size
of the crop product pieces ranged from a few millimeters
to several tens of centimeters (Figs. 2A and 2C). To reduce
heterogeneity and obtain substrates compatible with chemical
analysis and Streptomyces growth tests, pretreatments of the
biomaterials were performed. First, the samples were crushed
to homogenize them and reduce the size of their fragments
(up to 1 mm, as shown in Figs. 2B and 2D) to optimize

component extraction and increase surface contact with the
Streptomyces mycelium. Second, sequential extractions with
water and ethanol were performed. The objective of the ex-
traction was to recover extractive-free residues as required for
the analysis of the cell wall components (lignin and polysac-
charides) and to assess the influence of soluble compounds on
Streptomyces growth.

3.2 Composition of the lignocellulosic feedstocks
and residues
3.2.1 Extractives
Rapeseed straw and sunflower stalk contained 19.3% and
26.1% water extractives, respectively, on average. A subse-

quent extraction with ethanol removed 1.5% and 1% of the sol-
uble compounds from these feedstocks, respectively (Tab. 1).

3.2.2 Lignin content and structure

The lignin contents of rapeseed straw and sunflower stalk
were 17.4% and 15.6%, respectively, based on the average of
two batches (Tab. 1). These values are in the range of lignin
contents found for other agro-resource stems (13% to 22%
according to Mood et al., 2013) but lower than that of wood
(Dence and Lin, 1992). They are in agreement with other data
available for sunflower (13.4% according to Mood et al. 2013,
19.9% according to Caparrds et al. 2008, and 18.3% according
to Mazhari Mousavi et al., 2013) and rapeseed stalk (16.0%
according to Mazhari Mousavi et al., 2013). However, Kang
et al. (2012) reported a lower lignin content, 6.9%, for rape-
seed stem. These variations can be explained by differences in
the developmental stages of the harvested material, as previ-
ously observed for maize (Boon et al., 2012; Jung and Casler
2006). Among the different methods available for lignin struc-
tural analysis, thioacidolysis followed by GC-MS analysis of
the depolymerization monomers reveals both the proportion
of the different constitutive units and the frequency of inter-
unit linkages of the 8 aryl ether type. Indeed, thioacidoly-
sis selectively cleaves these linkages, releasing monomers and
oligomers only linked by resistant bonds. Yields of the differ-
ent monomer types recovered after thioacidolysis, expressed
with respect to lignin mass, gave indications as to the propor-
tions of units linked by labile ether bonds. This structural pa-
rameter, in addition to giving an indication of the global lignin
content, is likely to influence the cell wall properties and the
bioconversion of lignocellulose. Indeed, Zhang et al. (2011)
discovered a negative correlation between thioacidolysis yield
and the enzymatic degradability of maize stems using a com-
mercial cellulolytic cocktail.

All samples were found to have similar lignin structures
with the presence of both guaiacyl (G) and syringyl (S) units,
as in all angiosperms, with rather high S/G ratio (1.7) and to-
tal thioacidolysis yield (2000 to 2500 pwmol/g). The S/G ratio
was in the range of ratios previously observed for sunflower
by high-throughput pyrolysis molecular beam mass spectrom-
etry (1 to 2 for various H. annuus samples; Ziebell et al., 2013)
and is close to that of most hardwoods (Dence and Lin, 1992).
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Table 1. Composition (% dry basis; mean (standard deviation)) and lignin characteristics of rapeseed straw (Brassica napus) and sunflower

stalks (Helianthus annuus).

Components Rapeseed straw Sunflower stalks
Rapl Rap2 Sunl Sun2
Extractives
Water extractives 21.8 (0.3) 16.7 (2.8) 27.3 (0.8) 24.8 (1.0)
Total water-ethanol extractives 22.7 (1.3) 18.8 (1.8) 28.5(0.9) 25.6 (0.6)
Non water-soluble ethanol extractives 2.1 1.2 0.8
Lignin
Klason lignin content 17.2 (0.1) 17.6 (0.1) 14.0 (0.4) 17.2 (0.5)
S/G Ratio 1.5 (0.0) 1.3 (0.0) 1.3 (0.0) 1.4 (0.0)
Total thioacidolysis yield (w mol/g KL) 2417 (233) 2527 (283) 2544 (215) 2253 (130)
Cellulose
32.2 (1.4 30.4(0.9* 34.0R2.1)* 31.8(0.2)*
33.7(24)° 31.4(1.9° 33324)° 343230
25.2¢ 25.3¢ 24.7¢ 23.9¢
Non water soluble hemicelluloses
17.2 (1.1)*  16.9(0.9* 17.4(1.2)* 14.9(0.3)*
182 (1.4)° 17.1(1.0)° 17.2(1.4° 162 (1.4)"
13.4¢ 14.0¢ 12.6¢ 11.2¢

In water extraction residue. In two-step extraction residue. ¢ In unextracted material (calculated from the content in the water extraction

residue).

The thioacidolysis yield indicates an uncommonly high pro-
portion of ether bonds, as observed for Eucalyptus globulus
(Guerra et al., 2008). Considering that the average molar mass
of a lignin unit is 200 g/mol, it can be calculated that about
50% of the units are only involved in aryl ether bonds. This
suggests that such lignins are likely to depolymerize more
easily than grass lignins, which contain lower proportions of
aryl ether bonds. Indeed, aryl ether bonds are known as labile
bonds, less resistant to chemical and biological attacks than
other lignin inter-unit bonds. However, they may limit biocon-
version of polysaccharides because of the barrier effect, as pre-
viously observed for maize (Zhang et al., 2011).

3.2.3 Polysaccharide composition

Glucose and xylose were the main neutral sugars recov-
ered after acidic hydrolysis of rapeseed straw and sunflower
stem samples (more than 90 wt % of the total neutral sug-
ars). In addition to these two sugars, galactose, arabinose, and
mannose were detected. Assuming that glucose is primarily
derived from cellulose and other sugars from hemicelluloses,
the cellulose and hemicellulose contents in the initial feed-
stocks and extraction residues were calculated as the anhy-
droglucose and total other anhydrosugar contents, respectively
(Tab. 1). Little variation was observed between the different
extraction residues, with cellulose content ranging from 30.4%
to 34.3% and hemicelluloses content ranging from 14.4% to
18.2%. These values are in agreement with the data reported by
Ziebell et al., (2013) for H. annuus (32.8% and 15.9%, respec-
tively). The cellulose contents are lower than those reported
by Mazhari Mousavi et al. (2013) for rapeseed straw and sun-
flower stalks as a result of the use of a different determination
method. These authors did not determine the hemicellulose
content.

3.2.4 Fatty acid composition

FA profiling of the lignocellulosic substrates was also con-
ducted. Identification of the FA contained in these substrates
was essential for further growth tests, as it was not possible
to separate the bacterial biomass from the plant biomass (see
below). FA quantification after growth tests was performed on
bacterial-specific FA to exclude common FA from the quantifi-
cation. FA profiling was done on 50 mg of freeze-dried, 1-mm
lignocellulosic residues. It was observed that the samples con-
tained saturated and unsaturated FA with lengths of 14 or more
carbons (C14:0, C14:1, C16:0, C16:1, C18:0, C18:1, C18:2,
C18:3, C20:0, and C22:0).

3.3 Growth tests on lignocellulosic residues

3.3.1 Strain behavior

Streptomyces species have long been studied for their
capacity to produce interesting bioactive molecules (antibi-
otics, anti-cancer and anti-obesity drugs, insecticides, herbi-
cides, and others), but their ability to store TAG has been
largely overlooked, even though ancient work reports this abil-
ity (Olukoshi and Packter, 1994). In a recently published work,
it was observed that Streptomyces lividans TK24, which pro-
duces little to no antibiotics, has a better capacity to store TAG
than Streptomyces coelicolor, a strong antibiotic producer (Le
Marechal et al., 2013). For this reason, S. lividans TK 24 was
selected to evaluate the feasibility of bioconversion of ligno-
cellulose into bacterial lipids. Bacterial growth was assessed
by evaluating the total bacterial FA content obtained after
6 days of cultivation. To do so, it was essential to identify the
specific bacterial FA using various monosaccharides as sub-
strates. FA analysis of bacteria grown on arabinose (Fig. 3A),
glucose (Fig. 3B), and xylose (Fig. 3C) was performed to de-
termine the variability of the FA profiles of cells grown on
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Table 2. Bacterial fatty acid content in cultures performed on arabinose, rapeseed straw (Rap1 and Rap2), and sunflower stalks (Sunl and Sun2)
(expressed as g of fatty acid methyl esters per 3 x 10® Streptomyces spores).

Substrate  Negative control ~ Without extraction =~ Water extraction ~ Water + ethanol extraction
Arabinose 64 1632
Rapl 104 305 298 280
Rap2 46 302 336 334
Sunl 74 717 427 388
Sun2 49 509 553 572
A =] araBINOSE H
T " s §
@l 3 i 2 H -
g ° ¢ - SO S S
0] 2 g ﬁ E " 28 A g z 8
, Lz , H MAA A&
! = * mtenﬁorﬂli'ne (min) ® = *
B 1 sLucose
g,
§' wq 32 e § ! =3 §
Bol 1y 5oty
4 g ; b4 kN . 8 & § g
1y A MAEgr
' e * " retention time (min) = ” Fig. 4. Microscopic observation of Streptomyces mycelium on ligno-
C ] xviose cellusosic residues. A few microliters of cultures were observed using
0 a microscope equipped with Nomarski optics. Red arrows indicate
2™ H Streptomyces mycelium adhering to the surface of the lignocellulosic
e ] @ . residues.
8.l s : L
a 3 & e
c el g 2 5 §: 3 & the various carbon sources. Gas chromatography revealed that
= A u § ;ﬂ 7\ 5\ ; ;5\ the FA detected were the same for the three monosaccharides
o b T = - - — tested. According to their retention times, mostly branched-
retention time (min) chain FA, anteiso-C15:0 and iso-C16:0, were identified, as pre-
viously described in the literature (Fig. 3D) (Arabolaza et al.,
D 2008,2010). Because FAs were also present in the lignocellu-
‘ pmae losic biomass (C14:0, C16:0, and C16:1), the latter could not
e | smaso be used for the evaluation of bacterial biomass production us-
‘ Lo ing lignocellulosic samples for growth.
GLUCOSE [ BisoC16:1
‘ e 3.3.2 Cultures on rapeseed and sunflower samples
®iso C17:0
— e Streptomyces cultures on 1-mm lignocellulosic samples
‘ Jen (raw substrates, two independent cultures) and on residues ob-
o 20% . s0% aox 1008 tained after extractions (one culture for each extraction) were
FAME performed. To assess the performance of the conversion of the

Fig. 3. Fatty acid profiling of Streptomyces lividans grown on
monosaccharides. After 6 d of culture at 30 °C in the presence of
monosaccharides as the carbon source, Streptomyces cultures were
freeze-dried and the samples were submitted to transmethylation. The
FAME obtained on (A) arabinose, (B) glucose, and (C) xylose were
analyzed using gas chromatography coupled with flame ionization de-
tection (D) Relative fatty acid profiling was plotted for each carbon
source. Abbreviations: FID, Flame Ionization Detection; FAME, fatty
acid methyl esters; n.i., not identified.

carbon sources into lipids, culture was also performed on a ref-
erence medium containing arabinose, a carbon source known
to be favorable for bacterial growth. After inoculation with the
same amount of S. lividans spores, a negative control was col-
lected for each substrate to perform fatty acid quantification
at the starting point (Tab. 2). Cultivation was carried out for
6 days at 30 °C. Microscopic observation of the cultures re-
vealed that the mycelium of Streptomyces adhered to the lig-
nocellulosic substrate (Fig. 4) and consequently that it would
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not be possible to separate the Streptomyces from the lignocel-
lulosic substrate for further biochemical analysis.

Quantification of total FA was performed on the whole
cultures after transmethylation of the freeze-dried samples.
C14:0, C16:0, and C16:1 FA were excluded from the analysis
because they were common to both bacteria and lignocellu-
losic substrates. Some, C14:0 and C16:0, also seemed to be
used as substrates by Streptomyces. The C12:0 FA was used as
the internal standard for quantification because it was absent
from both bacterial and lignocellulosic materials. First, it was
observed that Streptomyces was able to use all of the lignocel-
lulosic samples for growth, as an increase in the total bacte-
rial FA content was observed between the negative control and
the 6-days cultures (Tab. 2). Depending on the lignocellulosic
sample used, the FA production ranged between 19% and 44%
of the production obtained with the reference substrate, ara-
binose. Among the samples tested, the best performance was
obtained with the unextracted Sunl sample. This result can be
explained by the specifically low lignin content of this sam-
ple (14%, versus 17% for the other samples). Indeed, because
of their barrier properties and high content of ether bonds, the
lignins present in the substrates were expected to limit the ac-
cess of microorganisms to cellulose and hemicelluloses. The
advantage of the Sunl sample was lost after water extraction
(Tab. 2), suggesting the water-extractible compounds present
in this sample played a positive role in promoting bacterial
growth. The absence of any difference between the water ex-
traction residues and water-ethanol extraction residues for all
samples indicated that the small proportion of ethanol-soluble
compounds present in the samples did not affect growth or
lipid production (Tab. 2).

4 Conclusions

Sunflower stalks and rape straw are two agricultural
byproducts of interest but far less investigated until know than
other lignocellulosic products. In this paper, we have provided
novel information on the composition and lignin structure of
these feedstocks which turned out to be very similar. Their
lignins have high 5-O-4 bond content compared to other an-
giosperms, which is an advantage with respect to lignin de-
polymerization process. For the first time, this pioneer work
revealed that lignocellulosic products originating from oleagi-
nous crops could be used as substrates for bacterial growth
and production of lipids and fatty acids of interest in the actual
context of green chemistry.
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